A neurysmAl subarachnoid hemorrhage (SAH) is one of the most life-threatening cerebrovascular disorders, with high mortality and morbidity rates. 26, 33 Delayed cerebral ischemia (DCI) remains the most important cause of morbidity and mortality in those patients who survive the initial bleeding. 20 Recent studies have reported that early brain injury (EBI), as well as cerebral vasospasm, is a major cause of DCI following SAH.
manifestation of EBI following SAH. 20 However, the molecular mechanisms of brain edema formation and BBB disruption following SAH remain poorly understood.
Tenascin-C (TNC), a matricellular protein, is induced in response to injury and exerts diverse functions. 13 As with other matricellular protein knockout mice, TNC knockout (TNKO) mice undergo normal development and display no distinct morphological phenotypes. 21 However, many studies using TNKO mice have reported that TNC may play an important role in aggravating or improving various diseases. 9, 17 In the CNS, TNC is highly expressed in astrocytes during early stages of development, whereas its expression is markedly low in the normal adult CNS. 6 Recently, it was reported that TNC was induced in CSF and serum following aneurysmal SAH in a clinical setting. 33, 31 The CSF TNC levels were significantly higher in patients with poor outcome than in those with good outcome. 31 An experimental study also showed that TNC was induced in the cerebral cortex following SAH in rats. 25 To date, however, there is no direct evidence showing that TNC causes brain injury. Accumulating evidence suggests a role for matrix metalloproteinase (MMP)-9 in the early disruption of the BBB following SAH, 20 and TNC upregulates MMP-9 expression in certain situations. 12, 14, 15 Therefore, in the present study, we used TNKO mice to evaluate the role of TNC induction in brain edema formation and BBB disruption following SAH.
methods animals
All procedures were approved by the Animal Ethics Review Committee of Mie University and were carried out in accordance with the institution's Guidelines for Animal Experiments. The original TNKO mouse was backcrossed with C57BL/6 inbred mice for more than 10 generations. 21 C57BL/6 wild-type (WT) littermates were used as controls. Mice were maintained on a constant 12-hour light/12-hour dark cycle in a temperature-and humidity-controlled room and were given ad libitum access to food and water. All mice used in the experiments were female.
subarachnoid hemorrhage model and study protocol
The endovascular perforation model of SAH was produced by a modification of the method previously described.
1 Each animal was anesthetized with an intraperitoneal injection of tribromoethanol (250 mg/g body weight). A sharpened 5-0-monofilament nylon suture was advanced rostrally into the left internal carotid artery (ICA) from the external carotid artery stump to perforate the bifurcation of the left anterior and middle cerebral arteries. In the sham surgery, the filament was advanced 5 mm through the ICA without perforating the artery. Blood pressure and heart rate were measured noninvasively from the tail.
First, to study the effects of endogenous TNC induction following SAH on brain edema formation and BBB disruption, 50 WT and 47 TNKO mice (weight 20-25 g) were randomly divided into WT sham-operated (n = 16), TNKO sham-operated (n = 16), WT SAH (n = 34), and TNKO SAH (n = 31) groups. Mice underwent endovascular perforation SAH or sham operation. After neuroscore was evaluated, mice were euthanized 24-48 hours postsurgery. High-resolution pictures of the base of the brain depicting the circle of Willis and basilar arteries were taken to assess the severity of SAH. The time points were selected because previous studies reported that post-SAH BBB disruption peaked within 24 hours and was reversed by 48-72 hours following experimental SAH. 23, 29 The brain water content was measured at 24 and 48 hours postsurgery, and BBB permeability and Western blot analyses were evaluated at 24 hours postsurgery (Fig. 1 upper) .
As a separate study, WT and TNKO mice were randomized to WT sham-operated (n = 4), TNKO shamoperated (n = 4), WT SAH (n = 4), and TNKO SAH (n = 4) groups. After assessing SAH severity, activation of mitogen-activated protein kinases (MAPKs) was immunohistochemically evaluated at 24 hours postsurgery.
Next, to study the effects of an exogenous TNC injection on TNKO mice with SAH, 40 TNKO mice randomly underwent SAH or sham operation, and 5 mg of TNC or phosphate-buffered saline (PBS; vehicle) was administered intracerebroventricularly at 30 minutes postsurgery. Neuroscore, SAH severity, brain water content, and BBB permeability were evaluated at 24 hours postsurgery (Fig.  1 lower) .
tenascin-c preparation and intracerebroventricular infusion
Tenascin-C was purified from culture supernatant of the U-251MG glioma cell line by ammonium sulfate precipitation, Sephacryl S-500 gel filtration, Mono Q ionexchange chromatography, and using a hydroxyapatite column as previously described. 35 Purified TNC (purity > 95%) was extensively dialyzed against Ca
2+
, Mg 2+ -free Dulbecco's PBS and passed through a 0.2-mm membrane filter. The pH of the TNC solution was maintained within the physiological range of 7.2-7.6. Regarding dosage, we estimated that the calculated concentration was equivalent to the CSF concentration of TNC reported in patients with SAH 32 when 1-10 mg of TNC was injected into the cisterna magna in rats in our previous study, in which TNC caused no brain injury. 8 Because the CSF volume of mice is considered to be 1/4-1/9 of that of rats, less than 2.5 mg of TNC injection into the CSF may be enough to obtain an equivalent CSF TNC concentration in mice in a clinical setting. 36 However, we selected a higher dose of TNC (5 mg), because TNC was induced in the brain following SAH. Therefore, the brain concentration of TNC would be much higher than the reported CSF concentration in a clinical setting. 24 The intracerebroventricular infusion was performed by a modification of the method previously described.
1 The needle of a 2-ml Hamilton syringe (Hamilton Co.) was inserted through a bur hole into the left lateral ventricle using the following coordinates relative to the bregma: 0.2 mm posterior, 1.0 mm lateral, and 2.2 mm below the horizontal plane of the bregma. PBS (1 ml) or TNC (5 mg in 1 ml of PBS) was infused at a rate of 0.5 ml/minute (irrespective of the animal's body weight) at 30 minutes after deficiency of tenascin-c attenuates post-sah bbb disruption surgery. The needle was removed 10 minutes after an infusion, and the wound was quickly sutured.
Neurobehavioral test
Neurological impairments were blindly evaluated using 2 methods. Neurological scores (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) were assessed by summing 6 test scores (spontaneous activity; spontaneous movement of 4 limbs; forepaw outstretching; climbing; body proprioception; and response to whisker stimulation), as previously described. 8 A beam balance test investigated the animal's ability to walk on a narrow wooden beam for 60 seconds: 4 points, walking ≥ 20 cm; 3 points, walking ≥ 10 cm but < 20 cm; 2 points, walking ≥ 10 cm but falling; 1 point, walking < 10 cm; and 0 points, falling while walking < 10 cm. The median score of 3 consecutive trials in a 5-minute period was calculated.
severity of sah
Because the severity of brain injuries in the endovascular perforation model of SAH is correlated with the severity of SAH, 2,27 the SAH grading score was used for the standardization of brain injuries. The severity of SAH was blindly assessed using the high-resolution photographs as previously described. 1, 2, 27 The basal cistern was divided into 6 segments, and each segment was allotted a grade from 0 to 3, depending on the amount of subarachnoid blood clot in the segment: Grade 0, no subarachnoid blood; Grade 1, minimal subarachnoid blood; Grade 2, moderate blood clot with recognizable arteries; and Grade 3, blood clot obliterating all arteries within the segment. The animals received a total score ranging from 0 to 18 after adding the scores from all 6 segments.
brain water content
Brain edema was determined using the wet/dry method as previously described. 1 After euthanizing mice under deep anesthesia, brains were quickly removed and separated into the left and right cerebral hemispheres, cerebellum, and brainstem, and then weighed (wet weight). Brain specimens were dried in an oven at 105°C for 72 hours and weighed again (dry weight). The percentage of water content was calculated according to the following formula: ([wet weight -dry weight]/wet weight) × 100%.
blood-brain barrier permeability
Blood-brain barrier permeability was assessed by measuring the extravasation of Evans blue dye as previously described.
1 At 24 hours postsurgery, Evans blue dye (2%; 5 ml/kg body weight) was injected intraperitoneally and allowed to circulate for 3 hours. Under deep anesthesia, mice were euthanized by intracardial perfusion with PBS, and brains were removed and divided into the same regions as in the brain water content study. Brain specimens were weighed, homogenized in 0.7 ml of PBS, and centrifuged at 15,000g for 30 minutes. Then, 0.5 ml of the resultant supernatant was added to an equal volume of trichloroacetic acid. After overnight incubation at 4°C and centrifugation at 15,000g at 4°C for 30 minutes, the supernatant was taken for spectrophotometric quantification of extravasated Evans blue dye at 610 nm.
western blot analyses
Western blot analyses were performed as previously described. 8 In the present study, the left (perforation side) cerebral hemisphere was used. Equal amounts of protein samples (5 mg) were loaded on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels, electrophoresed, and transferred onto a polyvinylidene difluoride membrane. The membranes were blocked with 5% bovine serum albumin, followed by incubation overnight at 4°C with the rabbit polyclonal anti-TNC antibody (1 mg/ml; Immuno-Biological Laboratories), rabbit polyclonal anti-MMP-9 antibody (1:1000; Millipore Biosciences Research Reagents SBU), and rabbit polyclonal anti-zona occludens (ZO)-1 antibody (1:1000; Invitrogen Corp.). Blot bands were detected with a chemiluminescence reagent kit (ECL Prime; Amersham Bioscience) and quantified by densitometry with ImageJ software (National Institutes of Health). Beta-tubulin (1:2000; Santa Cruz Biotechnology) was blotted onto the same membrane as a loading control.
immunohistochemical staining
Immunohistochemical staining was performed as previously reported. 24 At 24 hours postsurgery, mice were euthanized under deep anesthesia with intraperitoneal tribromoethanol and perfused using a cardiac catheter with 50 ml PBS followed by 15 minutes of 10% neutral buffered formalin at 60-80 mm Hg. The brains were removed and high-resolution pictures of the base of the brain were taken to assess the severity of SAH. Then, the brains were fixed in 10% neutral buffered formalin for approximately 12 hours at 4°C and embedded in paraffin. Four-micronthick coronal sections at 1.0 mm posterior to bregma were cut. After dewaxing and rehydration, the sections were placed in 1 mmol EDTA (pH 8.0) and heated in an autoclave at 80°C for 20 minutes to retrieve antigen. The sections were incubated in 1% hydrogen peroxide for 10 minutes to quench any endogenous peroxidase activity. The sections were blocked with 5% goat or horse serum. They were then incubated overnight at 4°C with the rabbit polyclonal antiphosphorylated extracellular signal-regulated kinase (ERK)1/2, mouse monoclonal antiphosphorylated c-Jun N-terminal kinase (JNK), and mouse monoclonal antiphosphorylated p38 (1:200; Santa Cruz Biotechnology) antibodies. The sections were subsequently incubated with biotinylated antirabbit or antimouse immunoglobulin (Vector Laboratories) for 30 minutes and then with an avidin-biotin complex for 30 minutes at room temperature. Color reactions were developed in diaminobenzidine/hydrogen peroxide solution and the sections were counterstained with hematoxylin solution for light microscopic examination. Negative controls consisted of serial sections incubated with buffer alone instead of the primary antibodies. Hematoxylin and eosin staining was also performed to examine brain morphology.
statistics
Subarachnoid hemorrhage grade, neurological scores, and beam balance scores were expressed as the median ± 25th-75th percentiles and were analyzed by Mann-Whitney U-tests or Kruskal-Wallis tests, followed by SteelDwass multiple comparisons. Other values were expressed as the mean ± SD, and 1-way ANOVA with Tukey-Kramer post hoc tests were used. Mortality was compared using chi-square tests. A p value < 0.05 was considered significant.
results

Deficiency of Endogenous TNC Prevents Brain Edema and bbb disruption Following sah
Comparisons of physiological parameters revealed no significant differences among the groups (data not shown). None of 32 sham-operated mice died within the 48-hour observation period. The mortality of mice with SAH was lower in the TNKO group (22.6%, 7 of 31 mice) than in the WT group (29.4%, 10 of 34 mice), but the difference did not reach statistical significance. The median SAH grading score was similar between the WT and TNKO groups in each analysis at both 24 (10 vs 10.5, respectively) and 48 (10 vs 9, respectively) hours postsurgery. This indicated similar injury between the compared groups and suggested that differences in outcomes were the result of different treatments.
None of the groups exhibited neurological deficits before surgery. The WT SAH mice showed significantly worse neurological and beam balance scores compared with the sham-operated mice at 24 and 48 hours postsurgery. Neurological and beam balance scores in TNKO SAH mice were significantly better than in WT SAH mice at 24 hours postsurgery (Fig. 2) . The TNKO SAH mice failed to improve their scores at 48 hours, but there was a trend toward improvement. The TNKO SAH mice showed neurological and beam balance scores similar to the sham-operated mice through the 48-hour observation period.
Brain water content and Evans blue dye extravasation were similar between WT sham-operated and TNKO sham-operated mice. In WT mice, SAH resulted in a significant increase in brain water content at 24 and 48 hours postsurgery, and Evans blue dye extravasation at 24 hours postsurgery (Fig. 3) . Compared with WT SAH mice, TNKO SAH mice showed significantly less brain water content and Evans blue dye extravasation at 24 hours postsurgery. There was no significant difference in brain water content and Evans blue dye extravasation between TNKO SAH and sham-operated mice through the observation period.
Deficiency of Endogenous TNC Suppresses MMP-9 induction and Zo-1 degradation Following sah
Western blot analyses showed that the expression of TNC was weakly detected in WT sham-operated mice and was significantly upregulated in WT SAH mice. No TNC was detected in TNKO sham-operated and TNKO SAH mice (Fig. 4A and B) . Expressions of MMP-9 and ZO-1 were similar between WT sham-operated and TNKO sham-operated mice. SAH significantly increased MMP-9 levels and decreased ZO-1 levels in WT mice at 24 hours postsurgery. In TNKO SAH mice, MMP-9 induction and ZO-1 degradation were significantly suppressed compared with WT SAH mice ( Fig. 4C and D) .
Deficiency of Endogenous TNC Inactivates MAPKs in brain capillary endothelial cells Following sah
Immunohistochemistry showed that phosphorylated ERK1/2, JNK, and p38 were minimally expressed in both WT and TNKO sham-operated mice and markedly increased in capillary endothelial cells in the temporal cortex in WT SAH mice at 24 hours post-SAH (Fig. 5) . In TNKO SAH mice, however, phosphorylated ERK1/2, JNK, and p38 levels were remarkably suppressed and similar to sham-operated mice.
exogenous tNc treatment aggravates brain edema and bbb disruption in tNKo sah mice
Comparisons of physiological parameters revealed no significant differences among the groups (data not shown). None of 8 TNKO sham-operated mice with an injection of TNC died within the 24-hour observation period. The mortality following SAH was 20% (3 of 15 mice) in the PBS-injected group and 29.4% (5 of 17 mice) in the TNCinjected group. The median SAH grading score was similar between the groups (10.5 and 11 in the PBS-injected and TNC-injected groups, respectively), indicating that TNC treatment had no effect on SAH severity.
None of the mice exhibited neurological deficits before surgery. In TNKO sham-operated mice, TNC treatment had no effects on neuroscore, brain water content, and Evans blue dye extravasation. In TNKO SAH mice, TNC treatment aggravated neurological impairments, brain water content, and Evans blue dye extravasation compared with the PBS treatment (Figs. 6 and 7) .
discussion
In the present study, we investigated the role of TNC induction in brain edema formation and BBB disruption following SAH. Expression of TNC in the brain was weakly detected in WT sham-operated mice and was upregulated in WT SAH mice. TNKO suppressed neurological impairments, decreased brain water content, and Evans blue dye extravasation, and was associated with an inhibition of MMP-9 induction and the consequent preservation of the tight junction protein ZO-1, as well as inactivation of MAPKs in brain capillary endothelial cells in mice with SAH. In TNKO sham-operated mice, exogenous TNC treatment had no effects on neuroscore, brain water content, and Evans blue dye extravasation. In contrast, in TNKO SAH mice, exogenous TNC treatment aggravated these findings compared with PBS treatment. Thus, this study demonstrated that TNC plays an important role in the development of brain edema and BBB disruption following SAH.
Despite improvements in the clinical management of SAH, DCI remains one of the most important causes of morbidity and mortality in patients with SAH who survive the initial bleeding. 19 Recently, EBI, as well as delayed cerebral vasospasm, has been considered to be a cause of DCI.
3 BBB disruption leading to brain edema formation has been involved in a key pathogenesis manifestation of EBI following experimental SAH. 3 In a clinical setting as well, brain edema on CT was reported to be an independent risk factor for mortality and poor outcome following SAH. 5 Many molecules, such as blood breakdown products and inflammatory mediators, may be involved, either acting simultaneously or at different stages during BBB disruption. 20, 21 To our knowledge, the present study demonstrated for the first time that TNC is an important causative factor for brain edema and BBB disruption, at least in an acute stage of SAH.
Expression of TNC, a matricellular protein, is extremely limited in the normal adult CNS, but is acutely induced following aneurysmal SAH. [30] [31] [32] Higher CSF TNC levels were significantly associated with worse outcomes in a clinical setting. 31 Experimental studies also reported that an excess of TNC expression might have harmful effects on carotid 10 or cerebral arteries 8, 25 and the brain, 24 possibly by activating MAPKs. Because platelet-derived growth factor (PDGF) is a well-known inducer of TNC, imatinib mesylate, an inhibitor of the tyrosine kinases of PDGF receptors, was used to inhibit TNC upregulation following experimental SAH. 24, 25 As a result, imatinib mesylate prevented both cerebral vasospasm and neuronal apoptosis by inactivating MAPK in SAH rats, improving neurological function. 24, 25 However, the possibility that imatinib exerted the neuroprotective effects by mechanisms unrelated to TNC could not be excluded. Thus far, neither clinical nor experimental studies have investigated the possible relationships between TNC expression and brain edema formation or BBB disruption.
Accumulated evidence supports a role for MMP-9 in BBB disruption following SAH. 7, 11, 22, 23, 28 MMP-9 levels in CSF and peripheral blood were significantly increased in patients with SAH. 11, 22 MMP-9 degrades the extracellular matrix proteins of cerebral microvessel basal lamina and interendothelial tight junction proteins such as ZO-1, causing BBB disruption and brain edema formation. 23, 28 A recent study showed that MMP-9 knockout inhibited post-SAH brain edema formation in mice. 7 Inflammatory cytokines and other factors can regulate the transcription of MMP-9 following SAH. 20, 28 TNC was also reported to upregulate MMP-9 expression in cultured cancer cells. 12, 14 In addition, TNKO mice showed a marked decrease in expressions of inflammatory cytokines and MMP-9 after hepatic ischemia and reperfusion. 15 This study first demonstrated the link between TNC induction and MMP-9 upregulation or BBB disruption in the brain following SAH by using TNKO mice and exogenous TNC treatment. Although it remains unknown how TNC upregulates MMP-9, TNC induces MAPKs, 8, 15 which are known to upregulate MMP-9. 4 Because this study also demonstrated that TNC regulated MAPK activation in brain capillary endothelial cells, it may be reasonable to consider that TNC induces MMP-9 and causes BBB disruption in mice with SAH via MAPK activation.
Another interesting finding in this study is that exoge- nous TNC treatment aggravated BBB disruption in TNKO SAH mice, but had no effects on TNKO sham-operated mice. The possible explanation is that intact TNC-induced signaling is different from post-SAH TNC signaling because SAH induces MMP-9 and other MMPs, which can cleave TNC. 16, 34 For example, the cleaved products (including epidermal growth factor-like domains of TNC) caused apoptosis of cultured vascular smooth muscle cells, whereas intact TNC had no proapoptotic effects. 34 Thus, post-SAH TNC induction upregulates MMP-9, which in turn cleaves TNC, possibly activating different pathways that can cause brain injuries.
This study has limitations. First, 1 dose of exogenous TNC was administered only to TNKO SAH mice to confirm that TNC deficiency suppressed BBB disruption. If this study had shown the dose-dependent aggravation of TNC on BBB disruption in TNKO SAH mice or the aggravation of BBB disruption by exogenous TNC treatment in WT SAH mice, the role of TNC in BBB disruption would have been strengthened. Second, this study showed MMP-9 induction as one of several possible mechanisms for post-SAH TNC-induced BBB disruption. However, we cannot exclude the possibility that TNC caused BBB disruption by mechanisms unrelated to MMP-9. Thus, the possible involvement of other actions of TNC needs to be examined.
conclusions
In this study, we showed evidence for TNC to cause brain edema and BBB disruption following SAH in mice, 
